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The extended Hiickel theory has been applied to the calculation of long-range hfsc’s in semidione radical
anions and is shown to give good agreement with the experimental results.

Several bicyclic aliphatic semidiones

have been used to illustrate the method and to investigate the effects of changes in geometry and substitution.
Calculations on a number of neutral alkyl radicals point to the qualitative rules for maximum long-range inter-

action.

Eng-range hyperfine (hf) interaction in epr spectra
has been well documented,?—? especially in rigid
systems where the geometric requirements have been
noted most frequently,? and it is desirable to apply
certain theoretical approaches to these systems in order
to aid in the interpretation and assignment of long-range
hf splittings. Several successful attempts have been
made to calculate spin densities and to correlate these
with the observed hf splitting constants (hfsc) for a-
protons® and 3-protons;’~'4 however, there appear to be
very few treatments of more distant interactions. The
extended Hiickel (EH) theory of Hoffmann and Lips-
comb'® which includes nonneighbor interactions ap-
peared to us to be applicable to the question of long-
range hf interactions and their geometric requirements.
The EH theory has met with considerable success in
dealing with conformational and stereochemical phe-
nomena'®~1® and has been successfully applied by
Petersson and McLachlan® to the calculation of hfsc’s
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Good agreement could not be attained for the hfsc ratios of cis- and rrans-butane-2,3-semidione.

for a series of neutral radicals. Most recently, Drago
and Peterson?! have obtained excellent agreement for
several radicals and radical anions using an EH treat-
ment.

A large number of long-range hf interactions have
been observed?%22-24 in readily accessible semidione
radical anions, and because their identity is well estab-
lished, they were selected for this study. Our object
was to apply the EH theory to semidiones and determine
its usefulness in predicting long-range hfsc’s and the
effects of geometry and substitution on these interac-
tions.

Extended Hiickel Approach

Slater?s 2s and 2p orbitals for carbon and oxygen and
the Slater 1s orbital for hydrogen were used as the basis
set for a linear combination of atomic orbitals (AO’s) to
build up the required molecular orbitals. All-neighbor

¥, = Z Ciy9; ¢))

-
and nonneighbor overlaps (S;;) were calculated?® and

were also used in the Wolfsberg-Helmholtz* approxima-
tion for the off-diagonal resonance integrals

H'lj = O-SK(HH + H]'j)SiJ' (2)

where H;; is the valence-state ionization potential of
orbital i, The H;; values used were essentially those of
Skinner and Pritchard,® (Hy,) = —13.6, (Cy) =
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Figure 1. The effect of conformation on as® in the nonplanar ethy!
radical.
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Figure 2. The effect of 3 substitution on ag®. The coupling con-
stants of the 8 hydrogens are given in gauss and the conformation
of the methyl hydrogens is assumed not to affect greatly the value
of aghl.

—21.4, (Cyp) = —11.4, (Oy) = —35.3, and (O,,) =
—17.8 eV. The value of X in eq 2 was 1.75 as dis-
cussed by Hoffmann.®® The values for the energies
and coefficients were obtained in the same manner as
outlined by Hoffmann from the secular determinant
'H, — ES;| = 0. The proton couplings were calcu-
lated from the coefficients (c,) of the H,; AO in the
molecular orbital (¢,,) containing the unpaired electron
using the expression® where only the H;; contribution
to the first-order Fermi contact term?® was considered.??

H= — 16/smguBucy’d*(His)
= 878¢,2G.%

a

Evaluation of this expression leads to a¥

Results and Discussion

While we have resolved to limit this study to semi-
diones, we feel that it is instructive to compare the
results for some simple radicals of arbitrarily fixed ge-
ometry to see if our results conform to the known stereo-
chemical relationships. All carbon-carbon bond
lengths were 1.54 A; carbon-hydrogen, 1.09 A; bond
angles 109.5° (sp?® carbon) or 120° (sp? carbon). All
radicals were oriented in the reference framework
such that there was always a high spin density in the
p. orbital located at the ‘“‘radical center’’; in this way
the molecular orbital containing the unpaired electron
was easily recognized. This method led to consistent
results and was preferable to making the assignment on
energy considerations alone, particularly in the larger
bicyclic systems.

Alkyl Radicals. A study of different conformations
of the ethyl radical showed that the EH theory gave
agreement with the Heller-McConnell equation.?!

(29) E. Fermi, Z. Physik, 60, 320 (1930).

(30) This evaluation was made using a Slater exponent of 1.20, a
value which is indicated by SCF calculations.?!s
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Figure 3. The effect of conformation and g substitution on a,E,

= A + Bpcos?f

Excellent agreement was obtained for the angular
dependence; A was found to be zero while B was 42.3
G. The reported value3? is 53.7 G. Because spin
polarization is neglected in the EH treatment, q,® =
0, but in the saturated semidiones with no « hydrogens,
we feel that this approximation will lead to only minor
discrepancies. To illustrate the effect of nonplanarity
at the trivalent carbon, values of a* were calculated for
two conformations of a nonplanar ethyl radical in
which both carbons are assumed to be sp?® hybridized.
These results are shown in Figure 1. The effect of alkyl
substitution at the 8 carbon is illustrated in Figure 2.
The results suggest that o™ is dependent on 3 substitu-
tion as well as on the dihedral angle (for example, com-
pare conformations I, III, and IV where the dihedral
angle is 60°). The weighted?®3 average for as™ for the
n-propyl radical is 20.4 G.

From the calculations, it is readily apparent that
spin density appears at the v hydrogens and is approx-
imately the correct order of magnitude.?? The effect
of conformation and # substitution in the propyl radical
is shown in Figure 3, As anticipated, a local maximum
is observed in conformations XII and XIV correspond-
ing to the W-plan arrangement, and the larger coupling
in XIII and XV may be regarded as “‘through-space”
interactions. Fessenden and Schuler found that for
the propyl radical at —180°, & = 0. 69 G (2 H) pre-
sumably due to IX, while at —145°, =038G(3
H) assignable to a freely rotating rnethyl (IX, X, and
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Figure 4. The bond angles and bond lengths assumed for trans-
butane-2,3-semidione.

XI). Our results predict that the latter value should be
6797 of that for the former, in good agreement with the
observed value of 55%.

The Semidiones. In this field we were first interested
in looking at one of the simpler members, butane-2,3-
semidione, As our calculations were necessarily based
on fixed geometries, we calculated the hfsc’s for several
conformations and averaged the results. For trans-
butane-2,3-semidione, the four carbon and two oxygen
atoms were assumed to lie in the same plane and the
bond angles and bond lengths were as shown in Figure
4, These values are essentially those found for bi-
acetyl3¢ except for the CO-CO bond. We consider
that in semidiones this bond is probably shorter than
in the diketone as the calculated =-bond orders are
0.400 and 0.037, respectively. This increase in bond
order we estimate to be associated with a decrease in
bond length of about 0.07 A by analogy with the pub-
lished?® bond order-bond distance relationship.

The coupling constant calculated for the freely ro-
tating methyl group in frans-butane-2,3-semidione is
10.0 G compared with the experimental®® value of 5.60
G. For the cis isomer, the radical was again assumed
to be planar with the same bond angles and bond
lengths. This geometry led to a calculated hfsc of 9.8
G, essentially the same as for the trans isomer. Experi-
mentally? the hfsc is 7.0 G. It has been reported®
that tiglic acid (possessing cis-methyl groups on a
double bond) is nonplanar presumably due to methyl-
methyl repulsions causing a twist of approximately 4°
about the C=C double bond. Twisting a cis-semi-
dione model as much as 10° does not cause a significant
change in our results, however. In bicyclo[2.2.2]oc-
tane-2,3-dione the two carbon-oxygen bonds have been
found® to be at an angle of 70.5° to one another while
our model assumed an angle of only 64°. To examine
the effect of such a bond angle change we increased the
relevant angle to 70°, but this also had very little effect
on the hfsc. Failure to obtain agreement in this par-
ticular case appears to be due to the approximation of
considering only the H;s contribution to the coupling
constants.

Rigid Bicyclic Semidiones. Whereas bicyclic sys-
tems are relatively rigid and several precise®*—*4 studies
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Figure 5. The geometry and numbering for bicyclo[3.1.0]hexane-2,3-
semidione.

of their geometry have been made, there are no data
available for semidiones or even for the relevant dike-
tones. Because of the approximate nature of these
calculations we have generally taken the geometries
calculated by Wilcox,* making the obvious changes
necessary to convert his values for the semidiones.
Where experimental data are available, they are in close
agreement with the calculated values. Using these
geometries as a basis, variations were made in several
bond angles in order to view the trends in the results.
No attempt was made to find the “best” geometry
as the accuracy of the method does not justify this.
Generally, for all bicyclic systems studied the basis
geometries are founded on the following rules: C-C
bond lengths are 1.54 + 0.03 A;# CO-CO bond lengths
are 1.40 A; C=O bond lengths are 1.22 A; H-C-H
angles in —CH,— are 111°; for methine hydrogens all
C-C-H bond angles were equal; and the angle between
the two carbon—oxygen double bonds was 70°,
Bicyclo[3.1.0]hexane-2,3-semidione. The geometry
and numbering is as shown in Figure 5. The five-
membered ring carbon atoms and the two oxygen
atoms were assumed to lie in the same plane and the
internal bond angles were obtained by assuming the
minimum total deviation in all bond angles from the
preferred value. Two models were considered: 6
= 65°and @ = 75°, and the results are shown in Table
I. Quite obviously the use of § = 65° leads to much

Table I. Observeds and Calculated Coupling Constants for
Bicyclo[3.1.0]hexane-2,3-semidiones

Position 1 4-exo d-endo 5 6-anti 6-syn

Unsubstituted
Obsd 4.0 7.86 14.9 0.8 4.0 0.8
Caled 7.6° 9.4 16.3 5.0 1.0 0.1
5.00 129 22.6 7.0 2.5 0.0

6,6-Dimethyl
Obsd 5.1 7.6 14.6 0.9 0.45¢ 0.0
Caled 7.96  10.4 17.0 4.3 1.9¢  1.3e

+ G, A. Russell, P. R. Whittle, and J. M. McDonnell, J. Amer.
Chem. Soc., 89, 5515 (1967). All values are in gauss. ° Using
6 = 65° <Using § = 75°. <acgM, three equivalent hydrogens
observed. ¢ Average value for one conformation only.

better agreement with experiment than does 8§ = 75°,
There does, however, appear to be a reversal of spin
densities at the 5- and 6-hydrogens. This is presumably
due to the assumption of a planar five-membered ring.

(42) F. R. Ahmed and E. J. Gabe, ibid., 17, 603 (1964).

(43) T. N. Margulis, L. Schiff, and M. Rosenblum, J. Amer, Chem.
Soc., 87, 3269 (1965).

(44) W. H. Grant and J. C. Speakman, Acta Crystallogr., 15, 292
(1962).

(45) C. F. Wilcox, J. Amer. Chem. Soc., 82, 414 (1960).

(46) Deliberate variation of bond lengths over this range did not
cause a significant change in results.
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Figure 6. The assumed basic geometry and numbering for bicyclo-
[2.2.1]heptane-2,3-semidione,

If the 2-carbonyl group were below the plane of the
ring the calculated values would most probably be in
closer agreement with experiment. It is significant,
however, that the assumption of a planar five-mem-
bered ring does lead to approximately correct H,,,/
H..s, hfsc ratios at the 4 position. In the 6,6-dimethyl-
substituted radical, the acy,™ are predicted in the correct
order, but their absolute values are too great.
Bicyclo[2.2.1]heptane-2,3-semidione. The basic ge-
ometry and numbering are as shown in Figure 6. The
coupling constants calculated for the various conforma-
tions and substitutions are collected in Table II. The

Table II. Observeds and Calculated hfsc’s for the
Bicyclo[2.2.1]heptane-2,3-semidiones
Position 1(4) 5(6)-exo  5(6)-endo T-syn T-anti
Unsubstituted
Obsd 2.49 2.49 0.0 0.41 6.47
Caled 1.4a 1.5 0.5 0.3 6.4
1.8 0.8 0.1 0.0 4.6
1.4 1.3 0.1 0.3 12.0
1-syn-7-Dimethyl
Obsd 0.24(2.55) 2.55 0.0 0.2¢ 3.05
syn-7-Methyl
Caled 1.1e 1.6 0.5 0.1 3.2
1.5 0.8 0.1 0.3¢ 1.6
endo-5,6-
Dimethyl
Obsd 2.33 1.84 0.24 0.4 6.97
endo-5-Methyl
Caled 1,69 0.4(1.7) 0.4¢(0.6) 0.3 6

.5
0.2(0.9) 0.3¢(0.2) 0.0 4.5

« All values are in gauss. 8 = 134°, ¢ = 115°, D = 2.286 A,
b6 = 125°, ¢ = 110°, D = 2.286 A. <f = 125° ¢ = 110°, D =
2.6° A, 4acg, three equivalent hydrogens observed. ¢ Average
for acg,M, one conformation only.

2.2 (2.1)

conformation (a) yields results which are in much better
agreement with the experimental values, but this is
possibly fortuitous in view of the better agreement
between the conformation (b) and the geometry re-
ported for anti-7-norbornenyl p-bromobenzenesul-
fonate.?®

Bicyclo[2.2.2]octane-2,3-semidione. Again, the basic
model was constructed following the values calculated
for the parent hydrocarbon; the geometry and num-
bering are shown in Figure 7. Coupling constants were
also calculated by varying 6 and D, and the results for
these geometries and for the methyl-substituted struc-
tures are shown in Table III.

Good agreement with experiment is observed in the
unsubstituted radical; a value of 8 slightly greater
than 120° would remove completely the small discrep-
ancy. Upon alkyl substitution, it is seen that a bridge-

Journal of the American Chemical Society | 90:14 | July 3, 1968

Figure 7. The geometry and numbering for bicyclo[2.2.2]oc tane-
2,3-semidione.

head methyl group has little effect on all coupling
constants, while an endo-5-methyl decreases the exo-5-
hydrogen interaction by almost 5097 and has a smaller
effect on the more distant hydrogens. Both these
trends are in excellent agreement with the experimental
results.®

Table III. Observed’ and Calculated hfsc’s for the
Bicyclo[2.2.2]octane-2,3-semidiones
Position 1(4) 5,6,7,8-exo  5,6,7,8-endo
Unsubstituted
Obsd 0.0 2.09 0.0
Caled 0.0 1.7 0.0
0.08 2.7 0.2
0.0¢ 1.8 0.0
endo-5,6-Dimethyl
Obsd 0.0 1.34, 1.34, 0.0
2.12,2.12
endo-5-Methyl
Caled 0.0 1.0, 1.6, 0.0, 0.14
1.7, 1.5
1-Methyl-4-methoxy
Obsd 0.0 2.14 0.0
1-Methyl
Caled 0.54:4 (0.0) 1.6 0.0
¢ All values are in gauss. The basic geometry was § = 120°,
D =30A. v =130°,D = 30A, ¢ =120°,D = 32A.

4 acn,F, calculated for one conformation only.

Conclusion

The application of the extended Hiickel theory to the
calculation of long-range hfsc’s gives good agreement
with the experimental values considering the gross
approximations made. This treatment appears par-
ticularly successful in predicting the effect of alkyl
substitution and the relative magnitudes of the coupling
constants.

We are currently examining the possible extension of
the EH treatment to hfsc’s of first row elements and
refinement of the treatment of proton hf interactions.
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